This study deals with the photocatalytic treatment of saccharin (SAC) and bisphenol-A (BPA) under UV irradiation. 13 For this purpose, novel submicronic anatase-rutile nanocomposite particles with tuned phase ratio produced by 14 thermohydrolysis of acidic Ti(IV) solutions in the presence of controlled amounts of Sn(IV) were used. These 15 catalysts were then assessed regarding their efficiency to degrade SAC or BPA, which are contaminants of 16 increased environmental and health concern. The effect of various operating conditions, such as the anatase-rutile 17 ratio (100:0, 85:15, 70:30), catalyst concentration (50-600 mg/L) and solute concentration (3-10 mg/L) was 18 investigated. Furthermore, catalyst reuse -an important but little studied aspect-was assessed. Anatase-rutile 19 nanocomposites were successfully prepared presenting good crystallinity and surface quality. Their activity was 20 about the same for removing SAC or BPA from water. It was found that photocatalytic performance was increased 21 with catalyst loading up to 400 mg/L. A further increase to 600 mg/L did not significantly enhance BPA removal, 22 thus associating this tendency with screening effects. Also, photocatalytic efficiency was increased with initial 23 solute concentration decrease. Organics degradation followed a pseudo-first order kinetic rate in terms of both 24 SAC and BPA removal. The reproducibility of catalyst activity was assessed in three successive reuse cycles, 25
Introduction 35
Endocrine disrupting compounds (EDCs) are chemicals with documented estrogenic or androgenic activity, at 36 trace-level concentrations, that pose serious threats to human health and wildlife [1, 2] . Various chemicals have 37 been identified as potential EDCs including pharmaceuticals, personal care products, pesticides and herbicides, 38 industrial chemicals, heavy metals and recently artificial sweeteners (ASs) [3] [4] [5] . ASs are metabolically inert sugar 39 substitutes, being used increasingly in food, beverages and pharmaceuticals [6, 7] , which eventually end up in 40 domestic sewage treatment plants (STPs) mainly unchanged [8, 9] . Among them, saccharin (SAC), the forerunner 41 of ASs, has been identified in STP effluents, rivers, and groundwater aquifers [8] [9] [10] , thus reflecting the inefficiency 42 of conventional wastewater treatment processes in eliminating recalcitrant organic compounds [3, 11] . Another 43 critical issue related to ASs is the elevation of toxicity and the production of by-products more persistent than the 44 parent compounds during their natural attenuation [3, 12, 13 ]. Furthermore, bisphenol-A (BPA) is also included 45 among the widely detectable organic xenobiotics in urban wastewaters and treated effluents [5] . BPA is used 46 extensively in the production of polycarbonate polymers and epoxy resins and its occurrence in waterways is an 47 emerging environmental issue since its endocrine disruption has been well documented [14] . The major routes of 48 EDCs in the aquatic environment are via municipal and industrial STP effluent discharges [4, 5, 15] . Therefore, the 49 current focus is on the identification of new efficient methods able to mineralise persistent organic compounds, 50 such as SAC and BPA, and hence preventing their discharge into the environment. 51
Heterogeneous photocatalysis is an advanced oxidation process (AOP) that has received considerable attention 52 in this direction as its efficiency to eliminate persistent organic compounds has been well proved [16, 17] . 53
Photocatalytic oxidation is initiated upon UV illumination of a semiconductor catalyst, for example TiO2 [14, 16] . 54
Highly reactive species, mainly hydroxyl radicals (•OH), are then formed, which can attack organic pollutants until 55 their final mineralisation into CO2 and inorganic anions [16, 18] . Anatase TiO2 is a widely used photocatalyst, due 56 to its low cost and good performance, for many applications [18] . A way to enhance its photocatalytic activity is to 57 improve the charge separation and migration to the catalyst surface by means of interfaces with semiconductor or 58 metallic particles. In addition to material modification, the control of nano-architecture and morphology is another 59 way to enhance catalyst performance [19] . Therefore, a combination of these two levers (i.e. creating interfaces 60 between anatase and rutile polymorphs) could be a key asset to improve photocatalytic performance. In general, 61 4 homogeneous precipitation by thermohydrolysis of acidic Ti(IV) precursors is an easy way to produce titania 62
nanoparticles, yet the control of anatase-rutile ratio is rather difficult to master and is very sensitive to 63 physicochemical conditions [19] . To get anatase-rutile interfaces, co-precipitating anatase and rutile in one pot by 64 thermohydrolysis can, therefore, be a challenging task, especially if one wants to tune anatase:rutile ratio with 65 small and controlled amounts of metals that act as rutile phase promoters. In this work a direct approach, just by 66 hydrolysing as-received commercial products without additives nor surfactants, is proposed in order to produce 67 interfaced anatase-rutile photocatalysts tuned by Sn(IV). 68
It should be highlighted that the photocatalytic treatment of ASs, such as saccharin, acesulfame and sucralose, 69 has only recently started to be studied [3, 12, 13, 20] . To the best of our knowledge, only Chen et al. (2014) deal 70 with the photocatalytic degradation of SAC [21] . Specifically, they observed 93% TOC removal in the presence of 71 0.8 g/L Degussa P25, after 3 hr irradiation under a 500 W mercury lamp. Also, they found that the reaction followed 72 pseudo-first-order degradation. However, the investigation of the optimal operating parameters of a UV/TiO2 73 system as described in this paper still remains a missing element in literature. 74
The overall aim of this work was to investigate the photocatalytic degradation of SAC and BPA, as contaminants 75 of emerging environmental and health concern, in the presence of novel interfaced anatase-rutile catalysts 76 produced by thermohydrolysis and tuned by Sn(IV). These catalysts showed promising photocatalytic activity for 77 phenol removal [19] and for this reason they were also employed for SAC and BPA treatment. In view of this, the 78 effect of key operating parameters, such as initial solute concentration, catalyst type, catalyst concentration and 79 reuse, on photocatalytic performance was assessed. Finally, the effect of ultrasound cleaning on catalytic activity 80 was evaluated. Experiments were carried out to assess the photocatalytic activity of the prepared catalysts after three successive 140 photocatalytic runs. Catalyst recovery was performed at the end of the each cycle, after centrifuging the reactant 141 mixture, to separate catalyst particles from the supernatant effluent. The obtained TiO2 precipitate was then reused, 7 as the catalyst, for the successive photocatalytic run. The effect of sonication on catalytic performance was also 143 investigated by placing, at the beginning of each cycle, the reactant mixture into an ultrasound bath for 10 min. 144 145 3
Results and Discussion 146
Catalyst characterization 147
The specific surface area of the pure anatase (ANA), 15% rutile (R15) and 30% rutile (R30) catalyst samples was 148 197, 201, and 172 m 2 /g, respectively, with the corresponding equivalent spherical diameters being 7.8, 7.6, and 149 8.9 nm. These relatively small particle sizes suggest a low particle growth step after nucleation during 150 thermohydrolysis with well-crystallised particles, contrary to other methods requiring calcination. XRD 151 characterizations for the produced TiO2 nanocomposites are shown in Figure 1 
Evaluation of photocatalytic activity 169
To evaluate the relative activity of the prepared catalysts ANA, R15 and R30, preliminary experiments were carried 170 out at 5 mg/L SAC or BPA initial concentration and 50 mg/L catalyst loading. In addition, experiments were 171 performed in the presence of P25, KR7050 and PC105 photocatalysts, at the same operating conditions, to 172 establish a comparison against commercially available catalysts. It was observed that the highest SAC and BPA 173 removal (i.e. 98% and 99%, respectively) was obtained when P25 was used as the catalyst. 67% and 38% of SAC 174 and BPA, respectively, was removed in the presence of PC105, whereas KR7050 resulted in 43% degradation of 175 both organics within 90 min of photocatalytic treatment (data not shown). On the other hand, the three prepared 176 catalysts, namely ANA, R15 and R30, yielded similar efficiencies with each other (Figure 3 ). Specifically, their 177 performance ranged from 21 to 27% and from 22 to 25% in terms of SAC and BPA removal, respectively, indicating 178 that, under these experimental conditions, anatase-rutile interfaces do not affect SAC or BPA degradation. 179
However, as shown in our previous study, where the photocatalytic degradation of phenol in the presence of such 180 catalysts was examined, it was found that anatase-rutile interfaces could affect process efficiency [19] . Specifically Furthermore, experiments were carried out in the dark to assess the adsorption capacity of ANA, R15, R30 and 188 P25 catalysts and results are shown in Figure 3 . It was observed that there is no correlation between the adsorption 189 capacity and the corresponding photocatalytic activity, under the experimental conditions applied. For instance, 190 P25, which led to the highest photocatalytic removal of both organics, interestingly yielded very low adsorption 191 capacity (i.e. 3% for BPA and 0.8% for SAC) that was almost the same with that of the ANA, R15, and R30 192 catalysts. Moreover, BPA was found to be adsorbed slightly greater than SAC onto catalyst surface, result that 193 may be ascribed to the different size of the two organics (BPA 228.29 g/mol, SAC 183.18 g/mol), given that all 194 other experimental parameters were identical. It has been previously reported that adsorption of organic 195 substances onto catalytic surface increases with the molecular weight [27], thus explaining the obtained results. 196 9 Considering the above findings and previously published works, which encourage the use of such type of materials 197 as photocatalysts, we decided to proceed with further experiments, to optimise the process and explore the 198 capacity of these catalysts to eliminate SAC or BPA. 199 5, it becomes apparent that the increase in the initial organic concentration, at a given catalyst loading, leads to 206 decreased removal efficiency. Specifically, the increase of SAC concentration from 3 to 10 mg/L resulted in the 207 gradual removal decrease from 88% to 52% (Figure 4) . Similarly, the BPA conversion rate decreased progressively 208 from 48% to 17% when the initial BPA load increased from 3 to 10 mg/L ( Figure 5 ). In both cases, the results were 209 found to approach well the pseudo-first order reaction model. Plots of the logarithm of normalised SAC and BPA 210 concentration against time resulted in straight lines with the coefficient of linear regression of data fitting, r 2 , ranging 211 from 98 to 99% and from 94 to 99% for SAC and BPA, respectively (data not shown). In addition, there is an almost 212 linear relationship between the rate constant, k, and the initial solute concentration as can be seen in the inset 213 graphs of Figures 4 and 5. For example, regarding BPA photocatalytic degradation when its initial concentration is 214 doubled (e.g. from 5 mg/L to 10 mg/L) then the reaction rate constant is decreased by almost two times from 215 0.0049 min -1 to 0.0026 min -1 . At a fixed catalyst loading, efficiency is dictated by the catalyst active sites to organic 216 molecules ratio. In other words, at relatively low solute loading the active sites provided by the semiconductor are 217 in excess and can uptake most of the organic molecules, thus resulting in higher removal rates. The increase of 218 the initial SAC or BPA concentration results in saturation of the limited catalyst surface by the organic molecules 219 and their reaction by-products that further affects the photonic efficiency and subsequently the degradation rates, 220 thus explaining the above findings [25] . photocatalytic degradation of BPA during which they identified potentially genotoxic by-products [28] . In this 226 direction, SAC and BPA mineralization was monitored, at the best conditions assayed (i.e. C0=3 mg/L and catalyst 227 concentration=400 mg/L), to get an indication regarding the formation of potentially hazardous by-products. Results 228 showed that, the organic content was decreased by 54 and 43% after 90 min of SAC and BPA photocatalytic 229 treatment, respectively. SAC mineralisation was slightly faster than BPA following the same degradation profile 230 with the parent compounds (i.e. SAC or BPA). Nonetheless, discrepancies between the concentration of TOC and 231 parent compounds were observed. Specifically, SAC degradation was 88% while TOC removal was only 54% after 232 90 min of treatment. Similarly, when BPA degradation was 48%, TOC was removed by 43%. These discrepancies 233 indicate the formation of organic by-products during treatment. 
Effect of catalyst loading 240
To investigate the effect of catalyst loading on process efficiency, several TiO2 concentrations (i.e. 50, 200, 400 241 and 600 mg/L) were examined for the photocatalytic degradation of 5 mg/L SAC or BPA concentration. As seen in 242 Figure 6 , although SAC degradation increased considerably with catalyst mass, this was not the case for BPA. In 243 detail, SAC removal was 27%, 59%, 81% and 97% in the presence of 50, 200, 400 and 600 mg/L of ANA catalyst, 244 respectively, and thus process efficiency was increased by about 70% when catalyst concentration was increased 245 from 50 to 600 mg/L (Figure 6a ). Furthermore, there is a linear relationship between the rate constant, k, and the 246 catalyst concentration, where the increase of ANA in the range of 50-600 mg/L results in k increase from 0.0034 247 to 0.0238 min -1 (inset graph of Figure 6a ). These results are explained by the fact that at higher amounts of TiO2 248 (i.e. surface area), the increased number of active sites results in higher photogeneration rate of oxidising species, 249 responsible for the photocatalytic oxidation [16] . Likewise, the same trend was followed during BPA degradation; 250 the increase of R30 from 50 to 400 mg/L led to a 12% increase of process efficiency (Figure 6b ). Nonetheless, 251 further increase of R30 from 400 to 600 mg/L did not improve the photocatalytic performance, as can be seen in 252 Figure 6b . This is due to the fact that catalyst loading above a certain point, which seems to be around 400 mg/L 253 for BPA, is associated with screening effects, the excessive TiO2 particles mask the photosensitive active sites, 254 and the removal efficiency becomes independent of the catalyst mass [16] . The effect of catalyst overloading on 255 BPA photocatalytic treatment can also be seen in the inset graph of Figure 6b , where the rate constant, k, increases 256 linearly from 0.0025 to 0.0049 min -1 up to 400 mg/L catalyst concentration. However, k remains almost the same 257 (i.e. 0.0053 min -1 ) with a further TiO2 increase to 600 mg/L. 
Effect of catalyst reuse 262
Catalyst recovery and reuse may be a good practice to reduce the operational cost of photocatalysis and hence to 263 promote its competitiveness among other processes for water and wastewater treatment [29] . Considering this, 264
ANA catalyst was subjected to three successive reuse cycles to determine its effectiveness for SAC treatment and 265 the results are presented in Figure 7 . It can be observed that the performance was kept stable during the 1 st and 266 2 nd cycle with SAC removal being 81% and 84%, respectively. Nonetheless, the catalyst effectiveness dropped to 267 70% at the 3 rd cycle. This declined performance can be attributed to catalyst loss during the centrifugation recovery 268 process between reuse cycles. It should be noted that, at the end of the 3 rd cycle, the residual catalyst was collected 269 by membrane filtration and its concentration was found about 300 mg/L, instead of 400 mg/L which was the initial Furthermore, additional catalyst reuse experiments were performed with the catalyst being subjected to ultrasound 282 cleaning (US) before its further use, in order to determine the impact of US on catalyst activity (Figure 7) . It is well-283 known that US can remove impurities from the surface of heterogeneous metal catalysts, such as TiO2, and can 284 bring the reactant materials into more intimate contact with the catalyst surface, thus resulting in increased reaction 285 rates. Also, US assists catalyst dispersion and emulsification and can, therefore, increase the available contact 286 surface area, which enhances chemical reactions between the components of the emulsion [34] . In this case, it is 287 clear in Figure 7 that US did not improve the process efficiency. SAC removal remained unchanged at 81% and 288 84% during the 1 st and 2 nd reuse cycles, respectively, while the removal at the 3 rd cycle was decreased about 4% 289 compared to the respective experiments in the absence of US. This indicates that photocatalytic degradation 290 mainly takes place through free radical and other reactive oxidative species (ROS) reactions and that catalyst 291 agglomeration, as well as the presence of unreacted SAC molecules and by-products on the catalyst surface, was 292 not a limiting factor in the system under study. Also, the negligible effect of US can be attributed to catalyst loss, 293 which was greater than in the absence of US, between reuse cycles. After the end of the 3 rd reuse cycle, the 294 residual catalyst concentration was estimated at about 200 mg/L (i.e. 100 mg/L less than the residual catalyst in 295 the corresponding experiment without US; the degree of agglomeration may be reduced by fracture in an ultrasonic 296 field [34] and thus higher amounts of catalyst are lost through centrifugation and membrane filtration). Conclusions 301
The photocatalytic treatment of saccharin (SAC), an emerging persistent contaminant, and bisphenol-A (BPA), a 302 well-known endocrine disruptor, was studied. In this direction, interfaced anatase-rutile photocatalysts were 303 produced by thermohydrolysis in the presence of small amounts (< 1%) of Sn(IV), which act as a rutile phase 304 promoter. The activity of these catalysts was evaluated in terms of SAC and BPA degradation. Furthermore, the 305 effect of operating conditions, such as initial solute concentration, catalyst type, loading and reuse, on 306 photocatalytic performance was assessed and the conclusions drawn are summarised as follows: 307 -The photocatalytic efficiency of all novel TiO2 nanocomposites was very similar in terms of SAC or BPA 308 degradation. Factors that affected mostly the process performance were the initial organics concentration 309 and the catalyst loading. Reaction rate constants increased when the initial solute concentration was 310 decreased and when catalyst concentration was increased up to 400 mg/L. A further increase to 600 mg/L 311 did not improve BPA degradation due to masking effects ascribed to excessive catalyst particles. TOC 312 measurements revealed the presence of transformation products after the end of treatment, thus 313 indicating the need for eco-toxicity estimation before any further scaling-up of the process. 314 13 -The recycled catalyst was used in three successive cycles without losing much of its efficiency and thus 315 yielded 70% SAC removal at the end of the 3 rd cycle. Finally, ultrasound cleaning of the reactant mixture, 316 at the beginning of each reuse cycle, was applied, in additional experimental runs, and was revealed to 317 have no effect on treatment efficiency. 
